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Abs~act
een pan Continual-flow toxicity tests were conducted to determine the acute toxic effects of copper,
gital ( )r- zinc. and cathnimn mixtures on juvenile chinook sahnon (),rorhynch~ ~*haz~yt.~cha. Median lethal
kind. concentrations during 4 days t96-hour L~0 values) were most variable for zinc (39 to 122
A~t:n. #g/liter), less so for cadmium (0.6 to 1.6 #g/iiter), and least variable for copper (26 to 34 ~g~iter).

of ponds Sensitivities of fish to metal mixtures also were variable. No synergism occurred among various
d Experi- mixtures of metals: two- and three-metal combinntions b~d additive or antagonistic toxic effects.

A decrease in the copper:zinc (from 1:3 to 1: t2) and copper:cadmium (from 1:0.028 to 1:0.083)
data. Au- ratios decreased the toxicity of mixtures. Water-quality criteria fi~r the protection o[" fish against
Itural Ex- mixtures of metals probably need to be developed on a site-specific and ratio-specific basis with
- Series 4. repetitive toxicity tests.

.tn.dl .nc.t
Soft t
gtt,,. Di,- llw Imrp,,sc~ ,~l this stt,h wcrt. t,, cxantinc conq,m,.t~t~. Ihc ittlcr;t~lhm is swtctgistir,

ttid. lhc chit~ook sahntm Om’m’hynchu.~ /.din-(qUanlitics) ol’syncrgistic, ad<litivc, and :mtag-

;llld Xtiltt’r tO water-quality t’rilt’ri~l which will protect the cling the ef’f~’cts illld dcvehqfing criteria

eral metals. Further. this itd’ormation will l~wil- The discharge ol’acid-nfinc wastes into walcrs
obn Wile~ irate decisions about possible benefits of remov- inhabited by salmonids is common in California

u~e in irri- ing one or more of the metals from ~acid-mine (Wilson et al. 1981). The Spring Creek drain-

. :rod Sup- wastes, a~e of lhe Sacramento River receives the largest

,~m~ Pol~- ARhough tl~e ~eparate toxicities of copper, volume of mine waste, al’l’ecting the greatest
~.nt Station. zinc, and cadmium to aquatic organisms have downstream area, in California. Sporadic cop-

been studied extensively, those of two- and per-removal treatment and rainfall cause the
ICE. 1969. three-metal mixtures have been investigatedCtt:Zn:Cd ratio to vary between 1:3:0.02 and
pond~ and onlx t’tn’sorilv. ’l’oxicitics of llWl;lls ill ;1 llliXllll’C l: l_:0.0Sq

(Filllilvson alld Wilson 1979). The ZII:tt Of Agrl- . ¯
nhia. USA. prt~tluce ~lll illlCgl’:llt’t! rcsl)t)llSe ill lest orgilll- (~d ratio of the waste remains essentially tlll-
tt:V. 1971. isms thal chit l)t" qll;Intifit’d its all illlt’l’ilt’litm, t’hilllgt.d ht’lwcen I:0.(}07 lind l:0.t)08.
:+m. United Marking atKl Mauck (l~75) and Marking (1977) investigations (Finlays<m and Ashuckian 1979;
~griculture termed these interactions as greater than ad- Finlavson and Verrue 1980) have defined the

ditive("swlerg~stic") "additive." or less dean ad- chronic (60- to 83-day) toxicities of both the
¯ t~gineering, ditivt" ("antagonistic") toxicity. The basis of’this acid-mine waste and formtdalcd copper-zit~c~ ork. USA. "

s~slt’tll is completely additive toxicity, a condi-mixtures to eggs. alevins, and swlm-up f’ry of
lion in whit’h thc toxit’itv, of a mixture is exactlychinook saln,m and stcclhcad Sahno gairdm, ri;
t’tlttal to th;tl l~rt’dit’lt’d l’t’ont its t’otnl~tmt’lll Iox- front Iht’st’ Slllditrs, "’saf~" COpl~cr and zinc con-
icitics. If the mixture is more toxic than thecentrations were estimated. These studies in-

dicated thai thc inlct’actinn hi’ copper and zinc
in mixtures of higher Clt:Zll ratios were addi-

t Pl’t.st-nl .iddl’t.~s: (:alil~wllia l)t,!~artnlt,nl ol Fish tire, but less than additive at lower ratios. Here.and Game. Pesticide Investigations Unit, 1701 Nim-
bus Road. Suite F. Rancho Cordova. Chlifiwnia 9B670. we confirm those findings for juvenile chinook

2 l~l,eSt.tlt address: l)epartment of’l’oxit~h~g~. Uni- s;lllllOll, a species llalive to the SacramelltO Riv-
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I.’INI.A\~}N AND VF.RRIq’~

Methods g/litt:r <~1 It ot,gh voh,nlt" and I,on, 0.03 to OAhq I~,
The juvenile chinook sMmon used in the 1979g/liter’day .~ased on the flow rate through the mitltn.

and 1980 tests were reared from eggs takentroughs. These factors were within the recom- Log-t
(one day each year) f’rt>m adults at the Calil~w-nlrnded limits for continual-tlmv t~xichv tt.~t~

nia Department oF Fish and Game’s Nimbus(Committee on Methods t~)r "l’oxicit~ Tests with ~al( utatt

Hatchery looted on the American River, a trib-Aquatic Organisms 1975). mortalit

utary of the Sacramento Rivet-. The era,so., andBefore each test, the troughs, were rinsed fiw maximu

alevins were held in fiberglass vertical-flow in-48 hours with dilution water, which decreased ~3/) in

cubators, and the resulting fry were transferredmetal concentrations from the prior test to <2 trol mot

m stainless steel troughs. The eggs, alevins, andgg/liter Cu and Zn, and <0.2 ~g/liier Cd. The don t’ac;

fry were subjected to norm~ cultural practicesnew test solutions were added to the troughs

as outlined by Leitriz and Lewis (1979). The24 hours before the next test: metal concentra-

fish were transported from the hatcher)’ 96tions approached nominal within 12 hours. Flu- where

hours before the tests began to the Depart-orescent lighting was on between 0700 and 1700 is ~urvi~

ment’s Water Pollution Control ~iboratory I00hours. Troughs were observed and sampled be- mium c

m away, and kept in 1,000-1iter circular tankstween 1000 and 1400 hmn-s daily. Dissolved lcxrls

with an adequate supply of flowing water. Theoxygen, temperature, and pH were each mea- regressi~

fish were fed commercial salmon food while insured in each trough three times, and hardness coment

the hatchery but were not fed for 96 hours priorand alkalinity once during the tests. Water sam- 1 oxic

to or during the toxicity tests, pies from each trough were collected 24 and 72 pve~ed

Sand-filtered water from the American Riverhours following the start of each test and ana- al = 96-

used for the May-july tests was consistent be-lyzed for ctmceutrations of dissolxed copper, and

tween years: pH 7.1-7.2; 18-19 rag/liter CaCOazinc. and cadmium. Water samples ~ 15 tnll were

alkalinity; 3340 rag/liter dissolved solids; 20-collected in a SESI’~ nylon syringe and filtered

21 rag/liter (;a(X)a hardness; lcss-tlnm-dctccl-through a Gehnan’~ lypt" AI( 25-ram glass lilwr ~ht.rt..-~

able concentrations of most toxic metals: tern-filter (porosity of 0.3 #m} held in a N uclcporc* an indi’

perature 11-t3 C; dissolved oxygen abm’e 85%25-ram plastic valve. The syringe, filter, and ~l~t" con,

samrafiCm, valve were rinsed with 1 N HNO:: aud dacn mixtuvt

All tests were couducted in 15-liter plexiglassrinsed t~qtc with dcionizcd watel’ I~elove each I. thc

troughs with the water volume a~jttstcd to [2sample was taken. The samples were deposiled in the

liters; 50% water replacement occurred in 2.5in meta!-l)’ee Nalgene~ 30-ml linear polyeth}l- tion is

hotll’S. ’l’hc II’tltlgllS WCI’C dllst’tl l}y ptopovtitmalflit’ (I,I’E) tlill’row-tntHlth hotllt’s and pt t’stq~t’t[ ill [hi’

diluters (Mount and Brungs 1967) and pre-di-with 0.3 m! of 6 N HNOa. Water samples (30 S > I.

lution systems (Fintayson and Ashuckian 1979).hal) also were taken occasionally from the metals,

Two to five tes~ were conducted simultaneous-troughs for analyses of total metal concentra- are sep~

ly. tions in LPE bottles that were opened, filled. To tort

The fish were challenged for 96 hours withand closed while submerged: these water sam- ing

solutions of copper, zinc, and cadmium individ-pies were prese~ed with 0.5 ml of 6 N HNO~. calculat

ually, of copper-zinc mixtures (ratios of 1:3 andCopper, zinc, mad ~xdmium concentrations

1:12), of copper~admium mixtures (ratios ofwere determined by air-acetylene or graphite-

1:0.028 and I:0.083), of a zinc~admium mix-ftn’nace atomic absorption spectrophotometr}.
ture (ratio of I:0.008), and of copper-zinc-depending on the metal and concentration. The This

deteclion limits were ’~ ~g/liter fiw copper andcadmium mixtttres (ratios of 1:3:0.0. and 1:12: - , tivitx}:
0.08). The solutions were prepared from re-zinc, arid 0.2 #g/liter for cadmium..-Mmlvtical alixt’
agent grade CuSO~’SH.20, ZnSO~-7H.20, andprecisimas (2~r) were determined fr~ml the She- ’lhe ’
3CdSO~’8tt.20 in deionized water acidilied towhart( 1931) cqtultiou t~t~-
pH 1.8 with H.aS()a. All stock solutiotts were cd
checked analytically. ~ = ~/(x - .():/,~’ - 1, 9(~-hotl~

’l’wi’iliV fish ir.i¯ li’litigh (’Ill fish pt,i Illllil’tl- .ilid

iraiioli) was the stocking dcnsiiy I~li" all Icsis. whci’c x = t,’l~ - ..I:)I(A~ + ..1.:), .f is ihc lilt’all, si,iliSlit
blean fish fork lellglh ranged t’l’Oln 3,9 It) tl.8 .ti aild -~2 :ll’e paired oi)Sel’valiOllS, :llld ,~" iS t<,xicii~
tin. The loadiug factors l’;lllged t’l’Oil! [.~ ill ~i.8 ntlinllt, r tll’ohscvvalit~ns. Pvc, t’isions ~ct’t’ :.t.4~ llilxlttt’t
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TOXOCITIEs ()F METAL .MIXTURES TO CHINOOK SALMON

)3 to 0.08 t’~lr ~.opper, ~6.7% t~t" ziuc, and ~ 1’2% [br cad-metal mixture LC50 values ~o S = 1.0, snbsti-
.’~ugh the mium. tHti~g ~h~. a~juslcd t’~Hlidcn~’c ix~tcx’vals in~tc>
It" l’Ct’l)lll- [.~g-l~robil (~llllllillll fllntexit l’lllilillS veI’SIIS

Iwll CttIIHliliils inld cstal~lishiug a range. Becausedeity tests m~wialiiy) analyses (Fillley 1971) were used toLC50 values for the separate metals and metal
l’ests with calculate the LC50 (concentration causing 50%mixlurcs were variable, and 95% confidence in-

mortality) and LCI0 (10% mortality) vahies byte~’als sometimes overlapped zero, we used 75%
iilased t)lr maximum-likelihood ~’tlrve-firliiig. Mol’talitit,~

I’llnfidt’lll’t, illit’l’vals till" the all~llvscs sll
~lt’t’i’eased (,11) ill lilt’ tt’st ll’olighs wt;rt" t’lll’lt’t’led Iof t’iltl-

dt’l<’t’l It’lld~’licit’s ill" illllt, nliHI iinl~rtalwc"
tt’sl Io <7 il’lll ni~li’l;iiill lIv Allllllll’s tFintt’) 1!!7 I) t’oi’rt’t’-

lid. The lioli t]it’lol"
R~sults and

t" ll’lltigllS ,If = 1 -- SxiSc. Mt’;ln W:llel" l~tnp~l’llltil-CS iD the tFotl~tls’,~llceIitra-
II-13 C, and varied less than 0.5 C amongt~urs. Flu- where Sx is su~’ival in concentralion x, and Sc
trllnghs durillg {’~m(’lll’renl It’sls. "l’r~lllgh lJll;ltld 17(1ll is slirvivall ill ~’llilil’olx. (~ltlllt,i.. zilit’. ;Itlit l’:ld-yah’it’d fl’oni 7.3 ill contrllls to 7.0 at the highestHlplt.dbe- minln ~’~m~’cillr~iti~HIs :it the I.(]~0 aild l.(;lll
met:ll t’~HIt:entr;ltions, hardness was ~)-2~Dissolved levels were interpolated t’i’om least-squares
mg/liter as CaCO.~, and dissolved oxygen aver-::~ch mea- regressions (solution concentralions versus metal’

iIZl l’tt lleSs t’l Illt’t’nl l’Zll itlll s}. ;~gt.d ~

c~nil’~l ll’oughs were below deiccti<~n (i:atlgcs:24 :uid-’~ pl’esscd as ioxit" tlllit~ (1 It~xic unit of a met- ’ " ,
<~-~ ~g/lilt,l’ (ill: .<~-5 ~g/lilPI. Zll;

;llltl ;ill;I- ill = ~)G-illltll" I.(:511 tiHIt’t’llll’HlioII ~ll’th:lt nlcl;ll)~g/litcr Cd). Measured total metal concentra-,t copper, alld sulnmed (Llo)d 1961: Browll 1968):
iions averaged 95 ~ I5% (~SD) of expected.5 nil) were (HmL~i) + (Bm/Bi~ + (Cm/Ci) = S (1) Dissolved metal concentrations averaged 79.3~d filtered
~ 17.0% I~lr copper, 90.6 ~ 7.0% tier zinc, andqlass tiber whel’e .~, B, and C are metals, i is the LC50 of
87.1 ~ 6.9% for ~dmium of expected concen-uclepore~ an individual metal tested separately, and m is
trations.ilter, and the concentration of an individual metal at the

q’he 96-hoilr LC50 vahles (Table 1) were least:liid then mixture LCS0 value tMarking 1977). When S =
varizble for copper, more so for cadmium, andfore each 1, the toxicities of individua! metals are additive
mosi variable for zinc. Neither fish size nor testttcp~sited            ill the mixtui’e. When S < I, the toxic interac-

. ¯ year affected the sensiiivity of chinook salm<~n~ol~t.ttivl- ii~m is svliei-glslw; tht" met;lls ;n’~" ill~ll’e t)~llplll
to Ihc lllcials. Otii’ 9li-hotll- LC50 valuesf)l’csclvcd ill liar" lllixttii-c tliati tht’~ ale scpalatcly. Wheii
with those of Chapman (1978) for chinookmples (30 S > 1. the toxic interaction is antagoliisiic: the
salmon swim-up fry in water of similar quality,tl’om the me~ls are le~s potent in the mixture than they

ollit’tllra- :li’t" st’t~:li-;itt,l). Tht’ pllit’iiti;ll I’:Ulgt" ttl’S iS 1)-~.even Ihoilgh ollr fish were I ~l 3 nmnths

t’ll. lillt’d. "I’ll t’Ol’l’t’t’l tht" ;Is~ lllnlt’ll’% lltS ;lililllt 1.1). Milrk-
.Ihl’t’t. mt’i;lls (CSlR.~all), zilw) dt’t’lc;iscd t’l’lllli the:Her sanl- iilg t 1~177) stlggcsit, d :ila additive index (AI),

N t tN():~, talt’ulaied :is t]~lhlws: swinl-ilp fry slage to the parr slage, l~Ht die age

~lllrations
I’allg~ ~1’ ~HH’ fish was tou n~u’l’OW t~)F sHch

ifS ~ 1.0. then.#1 = -S + 1.0; (2) trend to be detected.graphite-
ifS ~ 1.0. then.41 = (l/S) - 1.0. (~) The two- and three-metal mixtures had vari-

+ltiinletr).,
alilt, t<lxit’ilit,n (’l’ablc I). Col>l~cr-zinc mixturesiti<>ii. ’l’hc" l’his index i~ s)ittineti’ical about ~l = 0 (addi- prodticed AI ranges indicating amagonistictlper and tivitv): positive valtleS indicate synergism, neg-loxit’iiy: all AI values were negative and t~wklialytical alive values alitagonisnl, overlapped the additive ranges (Fig. 1). The, the She- The statistical significance of the AI for thelower Cu:Zn ratio (1:1~) was more antagonistic

two- altd three-metal mixture tests was estimat-than the higher (1:3). These results conflict with
ed by substitutiilg confidence intervals for thesome previous work. For example, our analysis
96-hour LCS0 values into Equations (2) and (S)of Sprague’s (1964) dam produced an AI value
and establishing a range (Marking. 1977). Theof 1.08 (synergism) for a Cu:Zn ratio of 1:11

le mean, statistical significance of completely.additiveapplied to juvenile Atlantic salmon Salmo sakzr
.lIld .V is t~xi~ilv (AI = 0) for the twt~- :Hid three-mt’t:llill soft w;iit’l’. ()ill" :lnal)’sis ~lt’:lddili~lllal silldics
~- z.t.q% lilixliiic It’sts was esliiliattcd by :l~iusting theb) Spr:lgue and Ranlsev ~1963) on juvenile At-
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q’^Bt.z 1 .--Mean ( +-.75% [95% in par~tthe,~es ] cor~fid~nce intrrt,al) conc~tratio~ ( ~/literI t~’copptr. :inc. a,d cadminn~
ca~ing 50% (LCSO) arm 10% (LCIO) mortality of juv~d& chi,ook .~almon in 96 hours.

Copper Zinc C~dmium

S~luti~n N [.C50 I.(HO L.C50 I.(110 LCSI) [.Clil

Cu ah)ne 4 32 ~ 4 (6) 19 ~ 3
Zn alpine 4 84 ~ 48 (81) 40 =

Cu:Zn= !:12 4 21 =7{12) 12 ~7tll) 2(i:~ =gbttt;’3~ IG-t
Ctt:(M = 1:1).11~8 3 23 z 4 (7) 9 ~ 3 (6) 0.8 = 0.3 ~ll.6) 0.4 = 0,2 01.3)

Cu:Zn:Cd = I:I~:0.()B 5 18 = 4 (7) 12 = 5 (8) 218 m 51 (86) 133 ~

ditiye toxicity) in so[’t water at a Cu:Zn ratio ~[" indicating antaw~nistic t~xicit~, and the
1:15 with a test duration o[" 168 hours. Addi-copper ratio (1:1~:0.08) was re,we
tionally, Lloyd (1961) found additive toxicity at than the higher (t:3:0.0~). The nonadditive
a Cu:Zn ratio o~" 1:16 in a 7-day test with rain-toxicity o[" mixtures of these three metals i~ c~n-

bow trout Salmo gairdn~ in soft water. Con-, trarv to the data of Eaton (!973). which indicate
versely, unpublished data of Thompson et al.an AI value o1" 0.26 (our analysis) in
(1969; see References t~t" source) produced antcsls with fathcad mitmows Pime/)h,le.~
AI value of-1.61 indicating antagonism [brinhardwaterataCu:Zn:Cdr~tioot’I:ll):~.No
juvenile steelheads. Their fish c-ame, as did ~m~,comparable studies with salmonids (speci[ic:dly
from the Nimbus Hatchery and the tests werechinook salmon~ in soft water are available. Even

rcsulls and ~ltll’S :ll’t. dlrt.ctly t’omp;tral~lt.. Ad- ct’ w~wk suggest lh;tt such :m:tlxst’s truly t~e

n:tlm~m fry t’xp~n~’d It~ (:mZn r:~ti~n ~d" 1:2 ;rod ~’;u’lt’n (Ig7l) pv~p,~t’d tht" tt’rm

:u c rt::~mtldy clt~. I~ tht~st. I}w Iht’ 1:3 :tnd I: lagoni~lk’ toxit’ilv wht’n tht" toxit’il~ ~l’:~ mixtnrt" FIt.t R~ 1.--
12 r;tti~, is dt’tt’l’lt~int’tl ~dt’lv h~ liar- l~xit’.llH in lilt’ ~h,,,,,k ,,

Copper~admittm mixtures produced AI val-greatest l~rt~p~wti~n. (}n the A! sc~tlc, indcpt’n- ,"’1
ucs indicaling additive ~oxicity: ~t’~ and :~ddi-dent toxic :to,ion should appr~ximate the
tire ranges br~adly ovcrl:q)pcd (Fig. 1). Theof -1 and -’2 t}}r twt}- and ltn’ec-mctal mix-
higher Ctt:Cd ratio (1:1).0~8) was In,we :tdditivctttrcs, rcspcctivcl}. Thus. the mixttn’cs which sensitive ’
than the lower (1:0.083). The zinc~:~dmiun~were not strongly additive ((:u:Cd r~tio o1’ 1: ti~nsBase.
mixture (1:0.008 ratio) laud additive toxicity be-0.083 and Zn:Cd ratio of 1:0.008) ~r ant:~go- F~r the i
cause a greater proportim~ of the AI test rangenistic (Cu:Zn ratio of 1:3 and Cu:Zn:Cd ratio [.(:111
was in the additive range rather than the an-o1" I:3:~LII2) could be exhihiting independent [.Gill yah
tagonistic range. No published studies on toytoxic action. Regardless o[" the terms employed, 40 verstt~
icities of coi>l>er-c:~dmium or zinc-cadmium:~dditive n>xicitv wns not pre~ent in the three- ommend,
mlxltwcs ~u’c :trailed>It l’~w tt>tnl>;H’ist>H +~’ith I>tll" n+ctal ntixturt’s anti. sltt~ttld llld l+t" t’uctot’cd into Zn+
results, derivin~ criteria t’<>r tlacsc metals in the Sacra- cadmiun+

Tests with two-metal mixtttrcs indicated tla;tt nlctltt> River. xt’h~pcc{
ch:mgc~ in tlw ;Itlllltllll t)l" C<~l>l)t’r rt’l:nivt" I~ B~lh [~t’t’Htl~t" Otll’ It’sl~ indit’:ttcd :mta~<mistic (or W;IItH’~
zinc and cadmium would change the type t~l"indcpt’ndcnt) toxicilx l’or tht" thrcc-mct:d mix- our
illlCrat’lillll ill �’ll]l]lt’l’~ZillU-l’;Ithllilllll IlliXllll’t’~. llllt’s, s;ti’t" Illt’l:ll t’tHIt’t’lltr;ltitlllS I’tw t’hillt>Ok Ill bt"
Ill such t]ll’~-lll¢l~l m~xttll’~S, a I¢11~1~11c) to-~I[III~H1 In,It ~ll’e ¢slilll~llt’d [’I’~HII ICSI~ ~[" In� ~ll- lllctl~l~’~t ’
wm’ds ant:tgonlstic toxicity w~nld I)t. cxl)ct’tcd dividmd mt’t:ds shmdd bt. st~it:~l~lt" t’~)r mixtures [.C5~)
at the lower Cu:Zn:(;d rati~ (l:12:l).t)S): thisan well. (~h:tl~mnn ~1~17~) determined swim-up he:q~plit
w;ts ])orllc ottl I~} t~tlt It’sls (l"i~. I). (~t~l~pt’l- [’lx ~t" U~in~k s;ihu~tt I~ hc the spc&c¢ m~s~ S.i[t"
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